Introduction
============

RNA interference (RNAi) is an evolutionary conserved mechanism for post-transcriptional regulation of gene expression. It plays an important role in defense against viruses but also in development and in normal functioning of the cell.^[@bib1],[@bib2]^ Since its discovery RNAi has become a valuable research tool for functional analysis of gene expression and a promising therapeutic approach for treatment of many disorders by silencing disease-related genes.^[@bib3]^ Significant progress has been made toward improving the specificity of RNAi-mediated target inhibition and minimizing its potential side-effects, yet more insight is needed on the exact small interfering RNA (siRNA) processing pattern when identical predicted sequences are incorporated in a short-hairpin RNA (shRNA) or artificial microRNA (miRNA) scaffold for therapeutic applications.

Processing of miRNA by RNAse III family endonucleases plays a central role in their proper functioning in the cell.^[@bib4]^ In the nucleus, Drosha cleaves primary miRNA precursors (pri-miRNAs) to produce \~70 nucleotides (nt) miRNA precursors (pre-miRNAs) with 2 nt 3′ overhang.^[@bib5]^ Pre-miRNAs are transported by Exportin 5 to the cytoplasm where Dicer, another member of the RNAse III endonuclease family produces a mature miRNA duplex of \~21--28 nt basepairs (bp).^[@bib6]^ Dicer also recognizes and processes shRNAs, which resemble the pre-miRNA structure. shRNAs with 19 bp or shorter stem may also be processed independently from Dicer cleavage, however the detailed mechanism has not been described.^[@bib7],[@bib8],[@bib9]^ The \~21--28 nt cleavage products enter a multiprotein RNA-induced silencing complex where one of the strands is used for the sequence-specific recognition of target messenger RNA (mRNA).^[@bib10]^ Drosha and Dicer cleavage is determined by certain RNA structures like a terminal loop region, a central stem bulge and single-stranded RNA flanking sequences, which are recognized and serve as reference points for endonuclease digestions.^[@bib5],[@bib6],[@bib11],[@bib12],[@bib13]^ In the case of miRNA processing by Drosha, the stem-single-stranded RNA junction is recognized by the Drosha cofactor DGCRG8 and cleavage occurs \~11 nt away from this structure.^[@bib13]^ Dicer anchors to both 5′ and 3′ ends of processed molecules and cleaves \~21--28 nt measured from one of the termini of the pre-miRNA or shRNA.^[@bib11]^ For Dicer cleavage mainly, the 5′ counting rules apply, meaning that the 5′ end acts as the primary reference point for the cleavage. The terminal loop is important as its disruption inhibits Drosha pri-miRNA processing as well as pre-miRNA and shRNA processing by Dicer.^[@bib13]^ Precise cleavage is critical for shRNA and miRNA functions because alterations in cleavage sites can change the abundance and thermodynamic stability of the shRNA and miRNA duplex, which is important for RNA-induced silencing complex loading.^[@bib14]^

shRNAs are generally expressed from polymerase III (pol III) promoters, which provide constitutive high expression levels necessary for potent knockdown of target mRNA. Although these features are valuable for research purposes, they can be disadvantageous for therapeutic applications. It has been reported that pol III-expressed shRNA can lead to severe toxicity when high doses are used.^[@bib15],[@bib16],[@bib17]^ Grimm *et al.*^[@bib17]^ observed liver failure and mortality in mice injected with different adeno-associated virus (AAV)-expressed shRNAs irrespective of hairpin length, sequence and target. Toxic side-effects were associated with saturation of the cellular RNAi machinery and changes in endogenous miRNA expression. Toxicity may be circumvented by using lower doses of vectors encoding shRNA. However, this approach may result in loss of RNAi silencing efficacy and therapeutic effect.^[@bib18]^ Alternatively, toxicity resulting from shRNA overexpression can be resolved by embedding the siRNA sequence into an artificial miRNA scaffold and expressing it from weaker polymerase II (pol II) promoters.^[@bib19],[@bib20]^ Incorporation of a siRNA sequence in an artificial miRNA scaffold has been shown to abolish shRNA-induced neuronal cell death and to avoid disruption of the endogenous RNAi pathway.^[@bib18],[@bib21]^ However, in some cases miRNAs were found to be less potent as compared with shRNAs.^[@bib22]^

Another disadvantage of pol III-expressed shRNAs is their constitutive expression in all cell types and organs. In order to limit their expression to target organs, the use of tissue-specific promoters has been applied for shRNAs.^[@bib23],[@bib24]^ However, this has been achieved with limited success as the rules for efficient transcription of shRNAs from poll II promoters are poorly understood and these constructs show only mild knockdown efficacy. Others have used inducible systems regulated by tetracycline or by ecdysone for expression of shRNAs or artificial miRNAs, which allows time- and dose-dependent expression when the inducer is administered and no expression in its absence.^[@bib25],[@bib26],[@bib27],[@bib28],[@bib29]^ Proof of concept has been established in transgenic mice enabling inducible and reversible suppression of gene expression by a tetracycline-regulated shRNA which also resulted in phenotypic changes.^[@bib27]^ However, the use of such systems in preclinical and clinical studies is limited because they include two additional components; elements encoding regulatory proteins that often induce an immune response and inducer molecules which need to be safe for long-term applications.

To date, no detailed analyses have been performed on the processing of identical predicted siRNA sequences embedded in shRNA or artificial miRNA scaffolds and the consequences for *in vivo* applications. Moreover, long-term efficacy *in vivo* and the use of miRNA expressed from a tissue-specific promoter have not been described. We addressed these issues by incorporating identical predicted siRNA targeting apolipoprotein B (ApoB) in a shRNA (shApoB) or artificial miRNA scaffold (miApoB) and performed next generation sequencing (NGS) analysis of the processed small RNAs. In addition, aspecific off-target effects of shApoB and miApoB *in vivo* were investigated using NGS transcriptome analysis of the murine livers. ApoB is a constituent of all classes of lipoproteins that are considered atherogenic, and elevated ApoB levels have been demonstrated to correlate with increased risk of cardiovascular disease.^[@bib30]^ Therefore, ApoB is a highly validated target for treatment of increased low-density lipoprotein cholesterol levels and subsequent cardiovascular disease.^[@bib31],[@bib32]^ Injection of AAV-shApoB and AAV-miApoB yielded a long-term strong reduction of total cholesterol and ApoB expression. However, AAV-miApoB expressed from the liver-specific LP1 promoter induced stronger knockdown and its expression was restricted to the targeted hepatocytes in contrast to AAV-shApoB, which was ubiquitously expressed. Our results demonstrate that incorporation of identical predicted siRNA sequences in a shRNA or miRNA scaffolds yields differential processing and long-term efficacy *in vivo* that might have implications for future therapeutic applications.

Results
=======

*In vitro* efficacy of shApoB and miApoB
----------------------------------------

Previously, we have reported that AAV delivery of shApoB expressed from the H1 pol III promoter is highly effective in knocking down ApoB and in reducing plasma cholesterol in mice.^[@bib33]^ However, the AAV-shApoB effect measured at 8 weeks p.i. decreased as compared with week 2 p.i., which was associated with lower expression of anti-ApoB siRNA (siApoB).^[@bib33]^ For clinical applications, stringent control of shRNA expression and restriction to the target organs is desirable. Therefore, the 21 nt-long siApoB guide sequence was embedded in an artificial miRNA scaffold using pri-mir-155 (miApoB; **[Figure 1a](#fig1){ref-type="fig"}**) and expressed from the liver-specific LP1 promoter. The mature miApoB sequence was predicted to be identical as the one expressed from the shApoB scaffold (**[Figure 1a](#fig1){ref-type="fig"}**).

Initially, the efficacy of miApoB was tested *in vitro* using the cytomegalo virus promoter instead of the liver-specific LP1 promoter since the latter has low activity *in vitro*^[@bib34]^ The inhibitory effect of shApoB and miApoB was compared by co-transfecting human embryonic kidney 293T (HEK 293T) cells with a reporter expressing renilla luciferase that contained the ApoB target sequence in its 3′-untranslated region (Luc-ApoB). Scrambled controls for both shRNA and miRNA (shScr and miScr) were included as negative controls and firefly luciferase expression was measured to correct for transfection efficiency. The renilla/firefly luciferase ratio in the negative controls was set at 100% and relative inhibition of the Luc-ApoB reporter was calculated. Both shApoB and miApoB showed similar efficacy and reduced luciferase expression by \~80% (**[Figure 1b](#fig1){ref-type="fig"}**).

Since the identical predicted siApoB sequence was embedded in the shApoB or miApoB scaffold the number of processed molecules per cell was determined by small RNA Taqman assay (**[Figure 1c](#fig1){ref-type="fig"}**). HEK 293T cells were transfected with either shApoB- or miApoB-expression constructs and 2 days post-transfection total RNA was isolated and siApoB copies were measured. Processing of siApoB from the miApoB scaffold was \~30-fold lower as compared with shApoB (**[Figure 1c](#fig1){ref-type="fig"}**). In order to assess the effect of the inhibitory constructs on endogenous ApoB expression, the mouse hepatoma Hepa1--6 cell line was transfected with shApoB or miApoB and ApoB mRNA knockdown was measured 2 days post transfection (**[Figure 1d](#fig1){ref-type="fig"}**). Both shApoB and miApoB efficiently inhibited ApoB mRNA up to 80% confirming the efficacy and specificity of the hairpin constructs. Our results indicate that shApoB and miApoB are equally effective in inhibiting Luc-ApoB and endogenous ApoB mRNA expression *in vitro*.

NGS analysis of siApoB processed from shApoB or miApoB scaffolds reveals guide and passenger strand heterogeneity
-----------------------------------------------------------------------------------------------------------------

So far, the "golden standard" for siRNA detection has been the small RNA TaqMan assay that relies on amplification of the predicted processed guide strand, which is normally 21 nt long. In the current research we investigated whether exactly identical siRNA sequences are processed by the cellular RNAi machinery from shRNA and miRNA scaffolds. This is an important issue since it may have serious implications for future therapeutic development. NGS sequencing was performed on small RNAs isolated from HEK 293T cells transfected with shApoB or miApoB. A total of \~16 mln reads were obtained for each sample, which were further processed by applying the selection criteria described in Materials and Methods. For the NGS data analysis, all reads smaller than 15 nt or larger than 55 nt and all reads that were read \<10 times were excluded from the analysis. Cellular miRNA expression pattern were compared between the miApoB and shApoB samples and are shown in **Supplementary Table S2** online. The small RNAs were aligned against their reference sequence resulting in 541.939 reads matching shApoB and 1.525.211 reads matching miApoB (**Supplementary Figures S1 and S2** online). Analysis of the length distribution of the reads indicated that siApoB guide strand originating from shApoB ranged between 19 and 23 nt, with the most abundant one being 21 nt-long (**[Figure 2a](#fig2){ref-type="fig"}**). Surprisingly, siApoB guide from miApoB scaffold ranged from 23 to 25 nt with the 24 nt-long strand being the predominant variant. This finding was rather unexpected considering that the predicted guide strand of siApoB was 21 nt long for both shApoB and miApoB scaffolds. Analysis of the processed 5′ ends of the siApoB guide strand indicated that most of the reads matched position +1 relative to the predicted cleavage site for shApoB, whereas all the reads matched position 0 for miApoB (**[Figure 2b](#fig2){ref-type="fig"}**). The 3′ ends of the siApoB guide strand had a more heterogeneous pattern and ranged from −1 to +3 for shApoB and +1 to +4 for miApoB (**[Figure 2c](#fig2){ref-type="fig"}**).

Next, we looked at the sequence distribution and percentage of reads for both the guide and passenger siApoB strands originating from the shApoB and miApoB scaffolds (**[Figure 2d](#fig2){ref-type="fig"}**). A substantial difference between the two is that the guide from shApoB is in the 3′ arm and hence Dicer^[@bib6]^ or other endonuclease^[@bib7],[@bib8],[@bib9]^ defines the cleavage position while the guide is present in the 5′ arm of miApoB, where Drosha defines the cleavage.^[@bib5]^ Therefore, defining the length and exact cleavage position for the guide and passenger strands is very important since even single nucleotide differences may result in significant changes in the predicted targets of the siRNAs. Moreover, the passenger siRNA\* strand, if not degraded efficiently, may bind to unanticipated targets and cause off-target effects. As expected, 44.4% of the reads originating from shApoB matched the siApoB guide strand but processing was shifted at position +1 (**[Figure 2d](#fig2){ref-type="fig"}**, upper panel). Surprisingly only 12.1% of the reads matched perfectly the predicted siApoB guide strand of 21 nt and starting at position 0. The reads matching the passenger siApoB\* strand were represented in much lower percentage with the predominant one being only 5.3%.

Analysis of the guide strand from the siApoB reads originating from the miApoB scaffold indicated that they all started at the predicted cleavage site (**[Figure 2d](#fig2){ref-type="fig"}**, lower panel). Surprisingly, the predominant, 22.3% of reads were 24 nt-long. Furthermore 5.1% reads were 23 nt- and 1.9% were 25 nt-long. A substantial number of 62% of the reads was found matching the passenger siApoB\* strand and ranged between 20 and 22 nt in length. In conclusion, both shApoB and miApoB scaffolds did not yield the predicted siApoB guide or siApoB\* passenger sequences after processing from the cellular RNAi machinery. The guide from miApoB was cleaved much more precisely by Drosha at its 5′ end as compared with shApoB that gave more heterogeneous pools of sequences following processing. Cellular miRNA expression profiles were also not identical for cells transfected with shApoB or miApoB (**Supplementary Table S2** online).

Long-term knockdown efficacy of AAV-delivered shApoB and miApoB in murine liver
-------------------------------------------------------------------------------

Having shown that cytomegalo virus-expressed miApoB, although differentially processed, is as effective in inhibiting ApoB as shApoB *in vitro*, we replaced the constitutive cytomegalo virus promoter with the liver-specific LP1 promoter for *in vivo* applications. The use of LP1 limits miApoB expression to hepatocytes, thereby avoiding siApoB accumulation in nontarget tissues. Male C57Bl/6 mice were injected with 1 × 10^11^ gc self-complementary AAV8 (scAAV8) per animal encoding shApoB, miApoB, shScr, or miScr. All viruses co-expressed enhanced green fluorescent protein (eGFP) for monitoring of liver transduction efficacy. At week 27 p.i. mice were sacrificed and siApoB small RNA Taqman was performed on RNA isolated from the liver, spleen, ileum, lung, heart, and kidney. Four times less siApoB molecules were detected from the AAV-miApoB-injected animals in the liver as compared with AAV-shApoB-injected animals (1163 versus 399 copies per cell respectively) (**[Figure 3a](#fig3){ref-type="fig"}**). In addition, in AAV-miApoB-injected animals siApoB expression was restricted to the liver in contrast to AAV-shApoB-injected mice where expression was detected in nontarget organs (**[Figure 3a](#fig3){ref-type="fig"}**).

At week 27 p.i. ApoB mRNA was reduced by 55% in AAV-miApoB-injected animals whereas no mRNA decrease was detected in the AAV-shApoB group (**[Figure 3b](#fig3){ref-type="fig"}**). The inhibitory effect of AAV-shApoB and AAV-miApoB on ApoB protein was determined every 2 weeks up to week 27 p.i. by western blot (**[Figure 3c](#fig3){ref-type="fig"}** and data not shown). Initially, a strong inhibition of ApoB protein was achieved by both AAV-shApoB and AAV-miApoB. However, the effect decreased at week 10 p.i. for AAV-shApoB and at week 20 p.i. for AAV-miApoB. At week 27 p.i. ApoB concentrations in plasma were decreased by 25% in animals injected with AAV-shApoB and by 60% in mice treated with AAV-miApoB (**[Figure 3c](#fig3){ref-type="fig"}**). Next, the phenotypic effect of ApoB knockdown was measured every 2 weeks by biochemical lipid profiling of cholesterol in murine plasma (**[Figure 3d](#fig3){ref-type="fig"}**). Similar to the ApoB protein knockdown, initially a strong \~70% cholesterol decrease was induced by both AAV-shApoB and AAV-miApoB. However, the effect decreased gradually and at week 27 p.i. total cholesterol levels were reduced in both groups by only 25% as compared with scrambled controls (**[Figure 3d](#fig3){ref-type="fig"}**). Two-way ANOVA analysis revealed that AAV-miApoB performed significantly better than AAV-shApoB in reducing plasma cholesterol over the course of the experiment (*P* = 0.0018). In addition, there was a clear trend of a slower loss of plasma ApoB and cholesterol inhibition in mice injected with AAV-miApoB as compared with AAV-shApoB indicating that miApoB had a better long-term efficacy than shApoB (**[Figure 3c,d](#fig3){ref-type="fig"}**).

Based on our previous observations that shApoB and miApoB are differentially processed and that miApoB has a different passenger, we checked for possible aspecific off-target effects *in vivo*. NGS liver transcriptome analysis was performed 8 weeks p.i. for animals injected with 1 × 10^11^ gc AAV encoding shScr, shApoB, miScr, and miApoB. We investigated whether shApoB and miApoB processing differences translate into differences in gene expression in injected animals. A total number of 266 genes were significantly changing (*P* \< 0.05) in miApoB-injected mice compared to miScr (**Supplementary Table S3** online). In addition, 106 genes were found to be significantly up or down-regulated (*P* \< 0.05) in the shApoB mice as compared with shScr (**Supplementary Table S4** online). Off-target predictions using Smith--Waterman algorithm^[@bib35]^ for the most abundant guide and passenger strand variants were performed to investigate if any of the observed changes results from aspecific interactions. None of the changing genes had predicted targets for the guide or passenger strands of shApoB or miApoB (**Supplementary Tables S3 and S4** online).

Decrease of ApoB knockdown is due to gradual AAV vector DNA loss
----------------------------------------------------------------

To follow up on the loss of ApoB and cholesterol inhibitory effect *in vivo*, AAV vector DNA copies were determined in murine liver at 2, 8, and 27 weeks p.i. from mice injected with AAV-shApoB and AAV-shScr. In both animal groups a clear gradual decrease in AAV vector DNA was observed over time indicating that the effect was not dependent on the shRNA target sequence (**[Figure 4a](#fig4){ref-type="fig"}**). At week 8 and 27 p.i. the amount of AAV vector DNA copies in murine livers from AAV-miApoB and AAV-miScr were similar to AAV-shApoB and AAV-shScr indicating similar kinetics of vector loss irrespective of the promoter type (pol III or pol II), target sequence (Scr or ApoB), or of the shApoB or miApoB scaffolds (**[Figure 4b](#fig4){ref-type="fig"}**).

The loss of AAV vector DNA occurs presumably as a result of cell death due to liver toxicity. In line with this assumption, transient activation of liver transaminases aspartate aminotransferase and alanine aminotransferase were measured in all AAV-injected animals during the course of the experiment (**Supplementary Figure S3** online). To explore the mechanism behind the DNA loss in more detail liver morphology was examined by hematoxylin and eosin staining. In addition, immunohistochemistry was performed to detect markers for apoptosis, T-regulatory cells, cytotoxic T lymphocytes, macrophages, and B lymphocytes. With none of those markers obvious differences between the treatment and phosphate-buffered saline groups were found (data not shown). ELISA assay for antibodies against eGFP was performed to explore the possibility that these could have contributed to the loss of AAV vector DNA. No immune response against eGFP was found in any of the animals (data not shown). Together, these results indicate that there was no acute inflammatory effect responsible for the loss of AAV vector DNA.

A possible reason for the observed AAV vector DNA loss is oversaturation of the endogenous RNAi machinery resulting in changes of cellular miRNA processing. Previously, we have shown that cellular mir-122, mir-29a and let-7a expression does not change in murine livers at 2 and 8 weeks p.i. with 1 × 10^11^ gc AAV-shApoB or AAV-shScr.^[@bib33]^ To exclude the possibility that the loss of AAV vector DNA is due to oversaturation of the endogenous miRNA pathway, we determined the amount of the most abundant liver miRNA mir-122 at week 27 p.i. for animals injected with AAV-shApoB, AAV-miApoB, and the two control viruses. There were no significant changes in mir-122 expression between all animal groups indicating that there was no oversaturation of the RNAi machinery caused by the injected AAVs (**Supplementary Figure S4** online).

Lower AAV dose results in sustained ApoB and plasma cholesterol decrease
------------------------------------------------------------------------

A possible reason for the observed AAV vector DNA loss and decrease in ApoB knockdown effect is the use of a too high viral dose. Previously we have shown that when 1 × 10^9^ gc AAV-shApoB or AAV-shScr was injected in mice, \~90% liver transduction can be achieved that was not associated with viral loss at 8 weeks p.i.^[@bib33]^ In this study, a 12-week mouse experiment was initiated with a dose of 5 × 10^9^ gc AAV-shApoB, AAV-miApoB, AAV-shScr, AAV-miScr, and an additional control group AAV-eGFP expressing only eGFP (**[Figure 5](#fig5){ref-type="fig"}**). The experiment was restricted to 12 weeks based on our previous observations^[@bib33]^ and the results presented in **[Figure 3](#fig3){ref-type="fig"}** showing that a 12-week time period is sufficient to observe a significant loss of AAV vector DNA and knockdown efficacy.

Inhibition of ApoB mRNA was observed in the groups injected with AAV-shApoB or AAV-miApoB at 12 weeks p.i, 57% for AAV-miApoB and 43% for AAV-shApoB, respectively (**[Figure 5a](#fig5){ref-type="fig"}**). Subsequently a decrease in ApoB protein levels was observed at week 4 and the effect remained stable during the 12-week course of the experiment (**[Figure 5b](#fig5){ref-type="fig"}**). Plasma cholesterol levels were determined every 2 weeks to study the kinetics and longevity of ApoB knockdown (**[Figure 5c](#fig5){ref-type="fig"}**). Two weeks p.i., plasma cholesterol levels were decreased by 53% and 39% for AAV-miApoB- and AAV-shApoB-injected animals and the effect remained stable until week 12 p.i. Finally, equal amounts of AAV vector DNA copies were measured in mice livers for all animal groups (**[Figure 5d](#fig5){ref-type="fig"}**). The animals injected with AAV-eGFP control had similar ApoB, and cholesterol levels as well as AAV vector DNA copies as the AAV-shScr or AAV-miScr controls indicating that there were no hairpin-related nonspecific toxic effects in the current study. Importantly, over the 12-week time course, liver transaminases were not significantly elevated for all treatment groups (**Supplementary Figure S5** online). Again, there was a trend for a stronger ApoB and cholesterol decrease in AAV-miApoB injected animals as compared with AAV-shApoB (**[Figure 5b,c](#fig5){ref-type="fig"}**).

Discussion
==========

RNAi technology is one of the fastest developing scientific fields and holds a great promise for development of therapeutics of various diseases in the liver, brain, and the eye.^[@bib36]^ AAV vectors mediating expression of shRNAs or artificial miRNAs have proven to be valuable vehicles for RNAi research and therapy. However, induction of severe toxicity and/or off-target effects remains a major hurdle to be overcome before a long-term inhibition of a disease-related gene in the target tissue or organ can be accomplished. So far, detailed studies analyzing the precise processing of siRNA molecules expressed from shRNA or miRNA scaffolds and the consequences for *in vivo* applications have not been carried out. To address this issue, we have performed detailed NGS analysis of the siRNA processing when identical predicted sequences targeting ApoB have been embedded in shRNA or miRNA scaffolds. By using AAV delivery, we compared the efficacy and toxicity profiles of a constitutively expressed shRNA to tissue-specific expressed artificial miRNA in long-term *in vivo* studies.

An unexpected discovery in the current study was that siRNA processing by the cellular RNAi machinery did not follow the generally accepted and described cleavage sites for both molecules shApoB and miApoB siApoB guide strand originating from the shApoB scaffold was more heterogeneous in cleavage sites and length as compared with the product originating from the miApoB scaffold. Most likely, differential cleavage mechanism defined the heterogeneity in the guide and passenger strands. In addition, shRNAs with 19 bp stem or less are not necessarily recognized by Dicer and maybe be processed differently.^[@bib7],[@bib8],[@bib9]^ The heterogeneity seen with the shApoB can also be explained by the potential for two or three uridines to be added following termination of pol III transcription.^[@bib37]^ The main pool of guide sequences originating from miApoB was 24 nt-long although we used the scaffold of cellular pri-mir-155 that produces a 23 nt mature miRNA. However, a 24 nt-long siApoB sequence did not compromise efficacy because when placed in the miApoB scaffold, the ApoB target sequence was extended at the 3′ end with 4 nt until the loop (**[Figure 1a](#fig1){ref-type="fig"}**).

Another important observation is that the siApoB\* passenger strand was present in a very high percentage of the reads from miApoB. Our results are in accordance with Gu *et al.*^[@bib14]^ who recently reported that mainly the guide siRNA strand of an shRNA was pulled down with Ago2 while both guide and passenger strands were detected from a miRNA scaffold associated with Ago1/2/3/4. Moreover, the passenger strand from the miRNA scaffold was not cleaved and eliminated as efficiently as from the shRNA. However, reporter assays revealed that the passenger siRNA\* strand was mainly loaded into nonactivated Ago complexes rendering those sequences ineffective at inducing knockdown. Our findings, together with the previously reported ones indicate that differential Ago loading of siRNAs originating from different scaffolds may have serious implications for future design of RNAi-based therapeutics.

There are important consequences of our findings for the small RNA Taqman that is being used for routine detection of siRNA expression. In our opinion this assay cannot be directly applied for sequences originating from shRNA or miRNA scaffolds because it amplifies only the predicted 21 nt guide strand and conclusions based on such data should be drawn with caution. Considering the different siApoB processing pattern from shApoB or miApoB scaffolds, the Small RNA Taqman that was performed *in vivo* has only an indicative value rather than a precise estimation of the number of molecules per cell.

The use of the liver-specific LP1 promoter for miApoB limited the expression of siApoB to hepatocytes, thus providing an additional safety level for future clinical applications compared to the ubiquitously expressed shApoB. So far it has been suggested that the use of tissue-specific promoters for miRNA expression will not be feasible *in vivo* as the expression would be too low to achieve significant therapeutic effect.^[@bib36]^ In the current study we provide evidence for the efficacy of such an approach *in vivo* and demonstrate its advantages over the pol III-expressed shRNA. Although it has been reported that expression of shRNA can be achieved from liver-specific hAAT promoter and tetracycline-inducible promoter,^[@bib23],[@bib27]^ the rules for design of potent shRNA expressed from pol II promoters are still far from clear. An additional advantage is that several miRNAs can be expressed as clusters from longer transcripts, allowing simultaneous targeting of multiple genes.^[@bib20],[@bib38],[@bib39]^ This feature of the miRNA is very important when mutation-prone viruses, such as HIV-1 or HCV, are targeted or when several disease-related genes need to be simultaneously silenced. Moreover, miRNAs can be linked to the 3′ untranslated region of a therapeutic gene, which is an additional advantage for therapeutic applications since it allows co-delivery of a codon-optimized gene together with a miRNA targeting the disease-causing version of the same gene. Such combinational therapy has been shown for alpha1-antitrypsin (AAT) deficiency, in which a hairpin RNA targeting mutated AAT transcript was delivered together with codon-optimized AAT gene.^[@bib40],[@bib41]^

In this study, we have demonstrated a more sustained ApoB target knockdown by miApoB over the shApoB in long-term *in vivo* experiments. Although differential processing resulting in different siApoB families from the two scaffolds should be kept in mind, this study provides indication that limiting siRNA expression to the target cells or organ holds greater promises for future therapeutic applications. Oversaturation of the RNAi machinery and competition with cellular miRNA transport from nucleus to cytoplasm have been described for both siRNA and shRNA and this toxicity problem was circumvented when the siRNA sequence was expressed from a miRNA scaffold by the cytomegalo virus pol II promoter.^[@bib20],[@bib42]^ Grimm *et al.*^[@bib17]^ reported that delivery of a high dose of 1 × 10^12^ gc per animal scAAV8 expressing shRNA led to hepatocyte death, often severe enough to cause liver failure and morbidity. This was associated with accumulation of shRNA precursor, which saturated Exportin 5 and led to deregulation of the endogenous RNAi pathway. Toxic effects were reduced without compromising knockdown efficacy of the shRNA when a tenfold lower viral dose or liver-specific expression of the shRNA were used.^[@bib23]^ Several other studies revealed neurotoxicity following AAV delivery of a shRNA targeting Huntingtin mRNA.^[@bib18],[@bib21],[@bib22]^ Subsequently, when siRNA sequences were incorporated in an artificial miRNA scaffold and expressed from the U6 pol III promoter neurotoxicity was abolished.^[@bib21]^ To our knowledge, no long-term head-to-head comparison has been performed to evaluate the processing and efficacy of siRNA sequences incorporated as identical predicted guide strand in a pol III-shRNA or liver-specific LP1 pol II-miRNA scaffolds. In contrast to the above-mentioned studies, our current data demonstrate that LP1-expressed miApoB did not circumvent liver toxicity and vector DNA loss when high doses of AAV were injected into mice. In our case AAV-shApoB and AAV-miApoB delivery initially showed strong inhibition of ApoB protein and plasma cholesterol levels *in vivo* and the effects diminished due to gradual AAV vector DNA loss. Of note, the NGS small RNA analysis indicated that the number of processed siApoB molecules from the shApoB or miApoB scaffolds was almost identical indicating that we might have reached a threshold above which no more siRNA molecules are being processed. Indeed, it has been calculated that in a typical mammalian cell the number of active RNA-induced silencing complex complexes ranges from 10^3^ to 10^4^ and the number of ectopic RNAi triggers should be kept in this range.^[@bib43]^ An important observation was that none of the changes in gene expression in AAV-miApoB and AAV-shApoB can be explained by possible aspecific down-regulation of nontarget transcripts. Because of the complexity of sh/miRNA processing and RNA-induced silencing complex loading, off-targeting interactions are difficult to predict and evaluate. Although we could not explain the changes in gene expression by off-target prediction with Smith--Waterman algorithm, we cannot exclude that other prediction methods like screening 3′-untranslated region of genes for perfect complementarity to siRNA seed region may be more accurate.^[@bib44]^ miRNAs may regulate their targets by translational repression, therefore we might speculate that the off-target effects may be stronger at protein level.

By lowering the viral dose 20-fold a stable reduction of ApoB protein and plasma cholesterol was achieved by both AAV-shApoB and AAV-miApoB. Ongoing research including detailed liver histology to determine liver damage and small RNA NGS from murine livers will further investigate the exact cause of loss of RNAi inhibitory effect. For example, it is still unclear why after 27 weeks substantial amounts of siApoB can be detected from the AAV-shApoB-injected animals without observing ApoB knockdown effect. GFP fluorescence microscopy analysis demonstrated that only a few positive cells were still present at 27 weeks p.i. Most likely, only those few cells still expressed siApoB, which was not enough to achieve overall ApoB inhibition effect since the majority of hepatocytes lost the siApoB due to liver regeneration. AAV itself is not likely to cause liver toxicity as it was shown not to be pathogenic or immunogenic in rodents^[@bib45]^ and in our studies we could not detect toxicity resulting from GFP expression, therefore excluding those two possibilities as reasons for AAV viral DNA loss.

In summary, our results demonstrate that incorporating identical predicted sequences in shRNA or miRNA scaffolds results in differential siRNA processing patterns that may have serious consequences for future RNAi-based therapeutic applications. However, we consider that tissue-specific expression and embedding siRNA in artificial miRNA scaffold can contribute to a better and safer gene therapy approach due to the intrinsic characteristics of the miRNA structure rendering it a better substrate for the RNAi machinery.

Materials and Methods
=====================

***DNA constructs***. Cloning of shApoB constructs (shA10) and shScr in the pSuper and AAV backbone has been described previously.^[@bib33]^ To create the miApoB vector, the siRNA sequence from shApoB was cloned into the mir-155 backbone of pcDNA6.2-GW/EmGFP-miR (Invitrogen, Carlsbad, CA) by annealing complementary oligonucleotides and ligation into BamHI- and XhoI-digested pcDNA6.2 plasmid. As a negative control for miApoB pcDNA6.2-GW/EmGFP-miR-neg control (Invitrogen) was used, named miScr. The luciferase reporter Luc-ApoB containing in the 3′-untranslated region 1,851 nucleotides of the last exon from human ApoB has been described previously.^[@bib33]^ The sequences of the oligonucleotides used in this study are listed in **Supplementary Table S1** online.

***Cell culture and transfections***. The HEK293T and Hepa1--6 cell lines were maintained in Dulbecco\'s modified Eagle\'s medium (DMEM; Invitrogen) containing 10% fetal calf serum, 100 U/ml penicillin and 100 U/ml streptomycin, at 37 °C and 5% CO~2~. For luciferase assays, endogenous ApoB knockdown assays, siRNA expression analysis, and small RNA NGS cells were seeded in 96-, 24-, or 6-well plates at a density of 3 × 10^4^, 1.2 × 10^5^, or 4.5 × 10^5^ cells per well, respectively, in DMEM one day prior transfection. Transfections were performed with Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer\'s instructions.

***Luciferase assays***. Cells were co-transfected with 50 ng Luc-ApoB that contains both firefly and renilla luciferase genes, and 50 ng shApoB or miApoB-expression constructs. Transfected cells were assayed at 48 hours post-transfection in 20 µl 1× passive lysis buffer (Promega, Madison, WI) by gentle rocking for 15 minutes at room temperature. The cell lysates were centrifuged for 5 minutes at 4000 rpm and 10 µl of the supernatant was used to measure firefly and renilla luciferase activities with the Dual-Luciferase Reporter Assay System (Promega). Relative luciferase activity was calculated as the ratio between renilla and firefly luciferase activities.

***RNA isolation and quantitative real-time RT-PCR***. To determine endogenous ApoB mRNA knockdown by shApoB and miApoB constructs *in vitro*, Hepa1--6 cells were transfected with 1 µg shApoB- or miApoB-expression plasmids using Lipofectamine 2000 reagent and total RNA was isolated from cells 48 hours post-transfection using the Nucleospin kit (Clontech, Mountain View, CA). For NGS analysis and small RNA Taqman Hek293T cells were transfected with 4 µg shApoB- or miApoB-expression plasmids using Lipofectamine 2000 reagent and total RNA was isolated from cells 48 hours post-transfection using Trizol (Invitrogen) according to the manufacturer\'s protocol. To determine ApoB mRNA knockdown *in vivo*, total RNA was isolated from frozen liver sections at 27 and 12 weeks p.i. using Trizol (Invitrogen). Genomic DNA was removed by DNase treatment using TURBO DNase (Ambion, Austin, TX). First strand cDNA was reverse transcribed using random hexamer primers with the Dynamo kit (Finnzymes, Espoo, Finland). Real time PCR amplification was performed with ApoB- and beta actin-specific primers (**Supplementary Table S1** online). PCR reaction conditions were: 95 °C for 10 minutes, followed by 40 cycles of 15 seconds at 95 °C and 1 minute at 60 °C. The assays were performed on ABI 7000 or ABI 7500 (Applied Biosystems, Foster City, CA). ApoB expression levels were normalized to beta actin as an internal control, and the relative gene expression 2^-ΔΔCt^ method of Livak and Schmittgen was used for analysis of PCR data.^[@bib46]^

***siRNA and miRNA detection by small RNA Taqman assay***. RT reactions for siApoB and murine mir-122 expression were performed with the TaqMan MicroRNA Reverse Transcription Kit (Applied Biosystems) using 10 ng RNA and 3 µl custom-made specific RT-stem-loop primer (Applied Biosystems) according to the manufacturer\'s instructions. Amplification of the beta actin gene was used as a RNA quality and loading control.siRNA copy number per cell was calculated based on the amplification plot of a dilution series of synthetic siApoB RNA standard (IDT, Coralville, IA). The trend line value of the standard line was used to calculate the siApoB copy number cell, assuming 15 pg RNA per cell.^[@bib47]^

***NGS of small RNA***. Small RNA sequencing libraries were generated using high-quality total RNA as input and the NEXTflex Small RNA Sequencing kit (Bioo Scientific, Austin, TX). Briefly, the small RNA species were subjected to ligation with 3′ and 5′ RNA adapters, first strand reverse transcription, and PCR amplification. Sample-specific barcodes were introduced in the PCR step. The PCR products were separated on TBE-PAGE electrophoresis and the expected band around 140--160 bp was recovered for each sample. The resulting sequencing libraries were quantified on a BioAnalyzer (Agilent, Santa Clara, CA). The libraries were multiplexed, clustered, and sequenced on an Illumina HiSeq 2000 (TruSeq v3 chemistry) with a single-read 36 cycles sequencing protocol and indexing. The sequencing run was analyzed with the Illumina CASAVA pipeline (v1.8.0), with demultiplexing based on sample-specific barcodes. The raw sequencing data produced was processed removing the sequence reads which were of too low quality (only "passing filter" reads were selected), and discarding reads that aligned against the PhiX control. In total, we generated 16016701 reads for sample miApoB, and 15843150 reads for sample shApoB.

The NGS small RNA raw data set was analyzed using the CLC_bio genomic workbench (CLC Bio, Aarhus, Denmark). The obtained reads were adaptor-trimmed, which decreased the average read size from \~36 bp to \~25 bp. The custom adapter sequenced used for trimming all the bases extending 5′ was: GTGACTGGAGTTCC- TTGGCACCCGAGAATTCCA. All reads containing ambiguity N symbols, reads shorter than 15 nt, longer than 55 nt in length and reads represented \<10 times were discarded. Next, both data sets from shApoB and miApoB samples were grouped based on the match to the reference sequence and the obtained unique small RNAs were aligned to the sequence of pre-miApoB: GATCCTGGAGGCTTGC-TGAAGGCTGTATGCTGATGGACAGGTCAATCAATCTTGTTTTG GCCACTGACTGACAAGATTGAGACCTGTCCATCAGGACACAAGGCCTGTTACTAGCACT CACATGGAACAAATGGCCCAGATCTGGCCGCAG or shApoB: GATCCCCGA TTGATTGACCTGTCCATTTCAAGAGAA TGGACAGGTCAATCAATC-TTTTTCAGCTT sequence, respectively. To relatively represent the expression counts for the small RNAs obtained in the experiment, reads per million (rpm)^[@bib48]^ or percentage of reads based on the total number of reads matching the reference shApoB or miApoB sequence were calculated. Finally, to identify the differences in cellular miRNA reads between the miApoB and shApoB samples the small RNA data sets were annotated to miRBase, Release 18 and grouped based on the mature miRNA sequences, the rpm were calculated and the fold change between miApoB and shApoB samples was calculated.

Total RNA sequencing libraries for the Illumina sequencing platform were generated using high-quality total RNA as input and the Illumina TrueSeq RNA v2 Sample preparation kit according to the manufacturer\'s protocol. Each read file (sample), in the FASTQ format, was individually aligned against the mouse reference genome (15 May 2012 NCBI build 38.1) using CLC Bio-Genomic Workbench and the expression abundance for each gene (RPKM) was calculated according to Montazavi *et al.*^[@bib49]^ Smith--Waterman algorithm^[@bib35]^ was used to predict off-target genes in the mouse reference genome and mouse RNA Refseq for the most abundant expressed passenger and guide strands variants of shApoB and miApoB.

The NGS data discussed in this publication have been deposited in NCBI\'s Gene Expression Omnibus^[@bib50]^ and are accessible through GEO Series accession number GSE39187 (<http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE39187>).

***Western blot analysis for detection of ApoB protein***. Murine plasma proteins (0.1 µl) were separated by electrophoresis on a 3--8% Tris-Actetate gel (Invitrogen) and blotted onto a 0.45 µm nitrocellulose membrane (Invitrogen). The blot was incubated with a 1:2000 dilution of a rabbit polyclonal anti-ApoB antibody (ab31992, Abcam, Cambrigde, UK), followed by incubation with a 1:2000 dilution of goat anti-rabbit antibody conjugated to horseradish peroxidase (P0448, Dako, Glostrup, Denmark). Antibody binding was detected by the Lumi-LightPLUS chemiluminescent detection kit (Roche Diagnostics, Basel, Switzerland).

***AAV vector production***. Production of scAAV8 vectors encoding shApoB and shScr has been described previously.^[@bib33]^ The eGFP-expressing scAAV8 vector was created by digestion of a pTRCGW vector with XbaI and AflII restriction enzymes, blunting and ligation into a pro-AAV vector. The product of this cloning was named pVD287 and contains the eGFP gene under the control of the liver-specific LP1 promoter and generates scAAV due to a mutation in one terminal repeat For cloning the miRNA constructs, expression cassettes were amplified using PCR with specific primers miRf and miRr containing respectively EcoRI and PstI restriction sites at the 5′ end. Digested PCR product was ligated into EcoRI and PstI sites of pVD287. Constructs were sequence-verified and the presence of two inverted terminal repeats was confirmed by restriction digestion with SmaI. scAAV8 vectors were produced by calcium phosphate-mediated co-transfection in HEK293T cells, using the three-plasmid based system described by Gao *et al.*^[@bib51]^ Cells were lysed 48 hr after transfection and virus was released by addition of Tris lysis buffer. Crude lysate from all batches was treated with Benzonase (50 U/ml) (Merck, Darmstadt, Germany) for 1 hour at 37 °C. AAV vector particles were purified by iodixanol (Sigma, St Louis, MO) gradient centrifugation as described previously Purified batches were concentrated by passage through Vivaspin 15R tubes (Sartorius Stedim, Aubagne, France) and final concentration was determined by quantitative PCR with LP1f and LP1r primers amplifying a 95-bp fragment from the LP1 promoter region (**Supplementary Table S1** online). All viruses used in this study were simultaneously quantified three times to ensure that equal amount of gc per animal was injected.

***Genomic DNA isolation and PCR***. Genomic DNA was isolated using the DNeasy Blood & Tissue Kit (QIAGEN, Chatsworth, CA).according to the manufacturer\'s protocol The amount of viral DNA in 250 ng genomic DNA was quantified using quantitative PCR using Lp1fv and Lp1rv primers (**Supplementary Table S1** online) amplifying 95-bp fragment from LP1 region or primers eGFPf and eGFPr (**Supplementary Table S1** online) amplifying a 101-bp fragment from the eGFP region. As a standard line, serial dilutions of plasmid DNA containing LP1 or GFP respectively were used.

**In vivo *experiments***. All animal experiments were conducted according to the guidelines of the local animal welfare committee. Six-to-eight-week-old male C57BL/6 mice received an intravenous AAV injection of 1 × 10^11^ gc per animal (\~4 × 10^12^ gc/kg) or 5 × 10^9^ gc per animal (\~2 × 10^10^ gc/kg) via the tail vein. Treatment groups were *n* = 4--5 for AAV-shRNA and AAV-miRNA and *n* = 2 for phosphate-buffered saline-injected animals. In the AAV-shApoB group sacrificed at 12 weeks *n* = 4 because one animal died during blood sampling. Heparinized blood samples were taken every two weeks p.i. from fasted mice. Mice were sacrificed at 2, 8, 12, or 27 weeks p.i. and liver, heart, lung, kidney, ileum, spleen, and plasma were collected for analysis. Liver samples from 2 and 8 weeks p.i. were obtained from a previous experiment where mice were injected with 1 × 10^11^ gc of identical preparation of AAV-shScr or AAV-shApoB. Mice were housed six per cage and feeding was performed *ad libitum* with regular chow. Plasma levels of alanine aminotransferase, transaminases aspartate aminotransferase, and total cholesterol were analyzed on the automated clinical chemistry analyzer Modular Analytics P800 (Roche Diagnostics) at the Academic Medical Center (Amsterdam, the Netherlands). Statistical analysis was performed by ANOVA testing and *P* \< 0.05 was considered significant.

[**SUPPLEMENTARY MATERIAL**](#sup1){ref-type="supplementary-material"} **Figure S1.** Sequence annotation of siApoB reads matching shApoB sequences. **Figure S2.** Sequence annotation of siApoB reads matching miApoB sequences. **Figure S3.** Transient increase in liver transaminases after injection with 1x10^11^ gc AAV. **Figure S4.** No significant change in mir-122 expression after injection with AAV-shRNA and AAV-miRNA. **Figure S5.** Stable liver transaminases after injection with 5x10^9^ gc AAV. **Table S1.** Oligonucleotides used in this study. **Table S2.** Changes in miRNA expression in shApoB versus miApoB samples. **Table S3.** Expression changes in miApoB versus miScr murine liver samples. **Table S4.** Expression changes in shApoB versus shScr murine liver samples.
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![**Structure and knockdown efficacy of apolipoprotein B100 (ApoB) in a shRNA (shApoB) and ApoB artificial miRNA scaffold (miApoB) *in vitro***. (**a**) Predicted stem-loop structure for shApoB and miApoB with the guide strand shown in gray. (**b**) Knockdown of Luc-ApoB by shApoB and miApoB in Hek293T cells. Renilla and firefly luciferase were measured 2 days post-transfection with 50 ng Luc-ApoB reporter and 50 ng shApoB or miApoB, and renilla luciferase expression was normalized to firefly luciferase expression. Scrambled controls for both shRNA and miRNA (shScr and miScr) served as negative controls and were set at 100%. Data are represented as mean values ± SD from three independent experiments analyzed with factor correction^[@bib52]^ \*\**P* \< 0.01 versus shScr or miScr. (**c**) Sequences targeting apolipoprotein B100 (siApoB) expression from shApoB and miApoB in Hek293T cells. RNA was isolated two days post-transfection with 1, 5, 10, 50, 100, and 250 ng of shApoB or miApoB and siApoB-specific small RNA TaqMan was performed. siApoB copy number was calculated using a siApoB synthetic RNA oligo standard line. Data are represented as mean values from two independent experiments conducted with two technical replicates. (**d**) Endogenous ApoB mRNA knockdown by shApoB and miApoB in Hepa1--6 cells. qRT-PCR was performed two days post-transfection with 1 µg shApoB or miApoB and ApoB mRNA levels were calculated relative to actin mRNA. shScr and miScr served as negative controls and were set at 100%. Data are represented as mean values + SD from a representative experiment conducted with three technical replicates. \*\**P* \< 0.01 versus shScr or miScr.](mt2012160f1){#fig1}

![**Small RNA next generation sequencing (NGS) analysis reveals differential sequences targeting apolipoprotein B100 (siApoB) guide and siApoB\* passenger strand processing from apolipoprotein B100 (ApoB) in a shRNA (shApoB) and ApoB artificial miRNA scaffold (miApoB) scaffolds**. (**a**) Sequence length distribution of the siApoB guide strand recovered from small RNA NGS of Hek293T cells transfected with shApoB- or miApoB-expression plasmids. The frequency on the *y* axis represents the reads per million. (**b**) Sequence variation in the 5′ end of the mature siApoB guide strand. Nucleotide position 0 was designated as the 5′ end of the predicted siApoB guide and other forms are numbered accordingly. (**c**) Sequence variation in the 3′ end of the mature siApoB guide strand. Nucleotide position 0 was designated as the 3′ end of the predicted siApoB guide and other forms are numbered accordingly. (**d**) Sequence distribution and percentage of reads from siApoB guide and siApoB\* passenger strands aligned to the reference shApoB (upper panel) or miApoB (lower panel) sequence. ApoB sequences are presented in upper case, the loop and flanking sequences are in lower case, the predicted 21 nt siApoB guide strand is shaded in gray. The percentage of reads was calculated based on the total number of reads matching the reference shApoB or miApoB sequence. Sequences represented with less than 1% were excluded from the figure and can be found in **Supplementary Figures S1** and **S2** online.](mt2012160f2){#fig2}

![**Long-term reduction of apolipoprotein B100 (ApoB) and plasma cholesterol levels by 1 × 10^11^ gc adeno-associated virus (AAV)-ApoB in a shRNA (shApoB) and AAV-ApoB artificial miRNA scaffold (miApoB)**. Mice were intravenously injected with 1 × 10^11^ gc AAV-shApoB or AAV-miApoB, or their respective controls AAV-scrambled control for shRNA (shScr), AAV-scrambled control for miRNA (miScr) or phosphate-buffered saline (PBS). Plasma was collected every two weeks p.i. and animals were sacrificed at 27 weeks p.i. (**a**) siApoB expression in murine spleen, ileum, lung, heart, kidney, and liver 27 weeks p.i. Total RNA was isolated from snap-frozen tissue and siApoB-specific small RNA TaqMan was performed. siApoB copy number was calculated using a siApoB synthetic RNA oligo standard line. Data are represented as mean values ± SE, treatment groups are *n* = 4--5 for AAV-shApoB, AAV-shScr, AAV-miApoB or AAV-miScr and *n* = 2 for PBS-injected animals. (**b**) Relative ApoB mRNA expression in murine liver 27 weeks p.i. Total RNA was isolated from snap-frozen liver tissue and qRT-PCR was performed using ApoB- and actin-specific primers. ApoB mRNA levels were calculated relative to actin mRNA and scrambled controls were set at 100 %. \*\**P* \< 0.01 versus shScr or miScr (**c**) Western blot analysis of plasma ApoB at 2, 4, 10, 16, 20, 24, and 27 weeks p.i. ApoB protein was detected in 0.1 µl plasma using a polyclonal antibody against ApoB. (**d**) Total cholesterol levels in plasma collected from fasted mice over the course of 27 weeks p.i. Cholesterol levels were analyzed on the automated clinical chemistry analyzer Modular Analytics P800.](mt2012160f3){#fig3}

![**Gradual loss of AAV vector DNA *in vivo* over a time course of 27 weeks p.i.** Mice were intravenously injected with 1 × 10^11^ gc adeno-associated virus (AAV)-apolipoprotein B (ApoB) in a shRNA (shApoB) or AAV-ApoB artificial miRNA scaffold (miApoB), or their respective controls AAV-scrambled control for shRNA (shScr) and AAV-scrambled control for miRNA (miScr) and livers were collected at 2, 8, or 27 weeks p.i. Genomic DNA (gDNA) was isolated from snap-frozen liver tissue and qPCR was performed using LP1-specific primers. AAV copy number was calculated using a LP1 plasmid standard line. (**a**) AAV copy number per microgram gDNA in murine liver of animals injected with AAV-shScr or AAV-shApoB at 2, 8, and 27 weeks p.i. \**P* \< 0.05, \*\**P* \< 0.01 versus shScr wk2 or shApoB wk2. (**b**) AAV copy number per microgram gDNA in murine liver 8 and 27 weeks p.i. with AAV-shScr, AAV-shApoB, AAV-miScr, or AAV-miApoB. Data are represented as mean values ± SE, treatment groups are *n* = 4--5.](mt2012160f4){#fig4}

![**Sustained decrease of apolipoprotein B100 (ApoB) and plasma cholesterol levels by 5 × 10^9^ gc adeno-associated virus (AAV)-ApoB in a shRNA (shApoB) and AAV-ApoB artificial miRNA scaffold (miApoB)**. Mice were intravenously injected with 5 × 10^9^ gc AAV-shApoB, AAV-miApoB, AAV-scrambled control for shRNA (shScr), AAV-scrambled control for miRNA (miScr), AAV-green fluorescent protein (GFP), or phosphate-buffered saline (PBS). Plasma was collected every 2 weeks p.i. and animals were sacrificed at 12 weeks p.i. (**a**) Relative ApoB mRNA expression in murine liver 12 weeks p.i. Total RNA was isolated from snap-frozen liver tissue and qRT-PCR was performed using ApoB- and actin-specific primers. ApoB mRNA levels were calculated relative to actin mRNA and scrambled controls were set at 100%.\**P* \< 0.05, \*\**P* \< 0.01 versus shScr or miScr (**b**) Western blot analysis of plasma ApoB at 0, 4, 8, and 12 weeks p.i. ApoB protein was detected in 0.1 µl plasma using a polyclonal antibody against ApoB. (**c**) Total cholesterol levels in plasma collected from fasted mice over the course of 12 weeks p.i. Cholesterol levels were analyzed on the automated clinical chemistry analyzer Modular Analytics P800. (**d**) AAV copy number per microgram gDNA in murine liver 12 weeks p.i. gDNA was isolated from snap-frozen liver tissue and qPCR was performed using GFP-specific primers. AAV copy number was calculated using a GFP plasmid standard line. Data are represented as mean values ± SE, treatment groups are *n* = 4--5.](mt2012160f5){#fig5}
